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Abstract - Molecular mechanics is used to provide 
information on the stable conformations of the monochloro- 
acetic acid molecule. In the most stable form, the C-C1 is 
in the COO plane (syn), while in the other form (gauche) 
the C1-C-C=O dihedral angle is in the 131O region. Thus in 
the syn form, the bond dipoles associated with the C-C1 and 
CEO bonds are approximately aligned, leading to a C=O bond 
stronger than in the less stable conformer and, by 
consequence, to a larger C-0 stretching frequency for this 
form. 
The Raman spectra of Ca, Sr, Ba and Cu(I1) 
monochloroacetates in crystalline phases have been recorded 
and interpreted to assess the relative importance of the 
mutual interactions of the metal-metal and metal-ligand 
bonds and the nature of the metal-metal bond in these 
systems. The preferred conformations around the Ca-C single 
bond of the coordinating monochloroacetic acid molecules 
have also been studied and correlated with our previous 
theoretical and experimental results on the pure acid. 
INTRODUCTION 
Raman spectra has been increasingly used in the structural elucidation of 
molecular systems, coordination compounds included. In general, 
information on isolated molecular systems is required, as the 
interpretation of spectra often relies on spectral comparisons and 
intermolecular effects may be relevant. As isolated systems are not always 
amenable to experiment, theoretical models should be relied upon. 
In this work, Raman spectra of calcium, strontium, barium and copper (11) 
monochloroacetates are presented and discussed. Molecular mechanics is 
used to provide information on the monochloroacetic acid molecule. 
COMPUTATIONAL A N D  EXPERIMENTAL METHODS 
The calculations were carried out with the fast convergent energy 
minimization CFF program of Niketic and Rasmussen (ref .1) , adapted to a 
DG/Eclipse MV8000 computer. Detailed information on computational 
algorithms and the original program can be found in refs. 1 and 2 .  
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Raman s p e c t r a  were reco rded  on a Ramalog doub le  s p e c t r o m e t e r ,  0.85 m, 
f / 7 . 8 ,  Spex model 1403, equ ipped  w i t h  h o l o g r a p h i c  g r a t i n g s  w i t h  1800 
grooves/nun. A d e t e c t o r  a s sembly  c o n t a i n i n g  a Hamamatsu t y p e  R928 
p h o t o m u l t i p l i e r  t ube ,  f o r  1 9 0  t o  860 nm, m u l t i  a l k a l i ,  i n  t h e r m o e l e c t r i c  
coo led  housing,  was used.  The l i g h t  sou rce  was a Spec t ra -Phys ics  A r t  l a s e r  
(model 164-05), whose ou tpu t  a t  476.5 nm was a d j u s t e d  t o  p rov ide  20-40 mW 
a t  t h e  sample p o s i t i o n .  
The c h e m i c a l s  were p r e p a r e d  a s  described i n  r e f .  3 and p u r i f i e d  by 
s t a n d a r d  methods, p r i o r  t o  s p e c t r a  r eco rd ing .  
RESULTS AND DISCUSSION 
Monochloroacetic acid molecule 
R o t a t i o n a l  i somer ism i n  t h i s  molecule  h a s  been  t h e  s u b j e c t  of  v a r i o u s  
s t u d i e s  ( r e f s .  4 t o  1 2 )  though a l a r g e  m a j o r i t y  of them r e f e r  t o  condensed 
p h a s e s .  R e s u l t s  f o r  t h e  i s o l a t e d  molecu le  o r  t h e  g a s  phase  come from 
i n f r a r e d  ( r e f s .  9 and ll), e l e c t r o n  d i f f r a c t i o n  ( r e f .  10) and ab i n i t i o  MO 
c a l c u l a t i o n s  ( r e f s .  1 0  and  1 2 ) .  I n  p a r t i c u l a r ,  e l e c t r o n  d i f f r a c t i o n  
s u g g e s t s  t h e  occur rence  of  t h r e e  d i s t i n c t  conformers  ( F i g .  1) r e s u l t i n g  
from r o t a t i o n  around t h e  Ca-C bond. The more s t a b l e  conformer cor responds  
t o  t h e  C1-C-C=O d i h e d r a l  a n g l e  e q u a l  t o  Oo ( s y n  f o r m ) .  Ab i n i t i o  
c a l c u l a t i o n s  (STO-3G) conf i rm t h a t  t h i s  i s  t h e  lowes t  energy  conformation 
( r e f .  12). 
F i g u r e  2 shows t h e  p o t e n t i a l  energy  curve  f o r  t h e  r o t a t i o n  around t h e  Ca-C 
bond a s  c a l c u l a t e d  by molecular  mechanics u s i n g  t h e  PF1 f o r c e  f i e l d  ( r e f s .  
13 and 14). These r e s u l t s  i n d i c a t e  t h e  occur rence  of o n l y  two d i s t i n c t  
conformers  ( syn  and gauche ) ,  t h e  syn  form be ing  t h e  more s t a b l e .  As it is  
shown i n  T a b l e  1, t h e  s t r u c t u r a l  p a r a m e t e r s  c a l c u l a t e d  b y  m o l e c u l a r  
mechanics  a r e  i n  e x c e l l e n t  agreement  w i t h  t h e  c o r r e s p o n d i n g  e l e c t r o n  
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F i g .  1. Conformers of monochloro- F i g .  2 .  P o t e n t i a l  ene rgy  c u r v e  f o r  
a c e t i c  a c i d  accord ing  t o  r e f .  1 0 .  r o t a t i o n  around t h e  Ca-C bond i n  t h e  
monochloroacet ic  a c i d  molecule  a s  
c a l c u l a t e d  by molecu la r  mechanics 
u s i n g  t h e  PF1 f o r c e  f i e l d  ( r e f .  13). 
Rarnan spectroscopy and molecular mechanics of rnonochloroacetates 96 1 
Table 1. Experimental and calculated 
structures for monochloroacetic acid 
Parameter Experimental Calculated 
(ref.  10) 
c-c 150.9 150.5 
c-c1 177.9 178.1 
C-H 109.9 109.6 
c-0 135.4 133.6 
c=o 122.4 120.0 
0-H 98.3 97.0 
c-c-c1 112.8 112.3 
C-C-H 109.5 109.8 
c-c-0 110.7 108.4 
c-c=o 126.2 125.8 
C1-C-H 107.7 107.9 
H-C-H 109.5 109.1 
C-0-H 106.0 106.9 
O=C-C-C1 (syn)  0.0 0.0 
OEC-C-Cl (gauche) 131.0 131.6 
Bond lengths in pm; angles in degrees. 
0 Water Oxygen 
0 Metal ( 1 1 )  0 Carbon 
Fig.3. Molecular structure of metal 
(11) monochloroacetates (schematic) . 
diffraction results. In particular, the calculated C1-C-C-0 dihedral 
angles for the syn and g a u c h e  forms agree very well with the electron 
diffraction values. 
AS it was mentioned, the third conformer suggested by electron diffraction 
is not confirmed by molecular mechanics. In addition, experimental results 
for other a-chloro substituted carbonylic compounds show that a C1-C-C=O 
dihedral angle of approximately 60° corresponds to an energy maximum, not 
a minimum (ref. 15). Thus, the consideration of that particular 
conformation a s  an energy minimum should probably result from 
approximations used in the interpretation of the electron diffraction 
results, like the rigid rotor approximation and the non-optimization of a 
number of structural parameters. 
Molecular mechanics shows also that the C C C l  angle increases by 
approximately 2 O  in the gauche  --> gauche  transition conformation, as the 
chlorine atom eclipsing the OH group is repelled by the lone pairs of 
electrons on the hydroxylic oxygen atom. 
Ca, Sr, Ba and Cu rnonochloroacetates 
The structure of a few carboxylate complexes of divalent metal ions 
(Fig.3) has been determined by X-ray crystallography and subsequently 
confirmed by analysis of infrared spectra (refs. 16 to 20). While X-ray 
crystallography data has not been obtained for the compounds herein 
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studied, analysis of Raman spectra indicates a similar structure for Ca, 
Sr, Ba and Cu(I1) monochloroacetates. In particular, the symmetric and 
antisymmetric stretching frequencies of COO- vary in the same direction 
along the Ca2+, Sr2+, Ba2+ series (Table 2 )  , suggesting approximately 
equivalent CO bonds in the carboxylate ligands. 
One interesting feature of the Raman spectra of these complexes is the 
occurrence of pairs of bands, each pair associated with the same type of 
vibration. As most of these correspond to frequency separations larger 
than 2 0  cm'l, they cannot be ascribed to crystal splitting effects. On the 
other hand, while localized hydrogen bonding cannot be excluded as a 
possible cause, the most plausible orig in  of those pairs  o f  bands comes 
from the different orientations of the CHC12 group in the carboxylate 
ligands . In addition, comparison of the carbonylic stretching frequency 
region in the pure monochloroacetic acid with the region of the 
antisymmetric stretching mode in the studied complexes (Fig. 4 )  supports 
that conclusion and further indicates that the syn form - the more polar 
form corresponding to the higher vibrational carbonylic frequency (refs. 
14 and 15) - is more populated in the calcium compound. 
Table 2. Raman COO- stretching 
frequencies (cm-l) of Ca2+, Sr2+ and 
Ba2+ monochloroacetates , 
Ca Sr Ba 
V (COO-) as 1619 1617 1609 
1602 1580 1581 
V (COO-) 9 1454 1446 1433 
1407 1405 1402 
- 
1740 1860 
v C.0 
, I  
1540 1600' 1660 
v COO' as 
Fig. 4 .  Raman bands of COO- antisymmetric 
stretching modes of a) Ca2+, b) Sr2+, 
c )  Ba2+, d )  Cu2+ monochloroacetates 
and e) infrared bands of CEO stret- 
ching modes of pure monochloroacetic 
acid (ref. 1 2 ) .  
Comparison of the relative intensities of the pairs of Raman bands along 
the series Ca2+, Sr2+, Ba2+ leads to ascribe bands to conformers. In all 
the cases, the syn/gauche relative intensities for the Ca2+ complex are 
very different from the Sr2+ and Ba2+ compounds while these originate 
similar values. 
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F i g .  5. Raman spectra of crystalline monochloroacetates. 
a )  Ca2+, b) Sr2+, c )  Ba2+ and d )  Cu2+ 
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I n  o r d e r  t o  unde r s t and  t h e  va ry ing  degrees of M-M and M-L i n t e r a c t i o n s  i n  
t h e  s t u d i e d  complexes,  Raman f r e q u e n c i e s  a r e  p l o t t e d  a g a i n s t  t h e  i o n i c  
r a d i u s  ( F i g . 6 )  and  t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  o f  t h e  m e t a l  atoms 
( F i g . 7 ) .  
While c l e a r  t r e n d s  a r e  observed  i n  bo th  c a s e s  f o r  t h e  Ca2+, Sr2', 
Ba2+ series,  t h e  i o n i c  r a d i u s  p r o v i d e s  a s t r o n g e r  c o r r e l a t i o n  of  
v i b r a t i o n a l  f r e q u e n c i e s .  I n  a d d i t i o n ,  t h e  Raman f r e q u e n c i e s  f o r  t h e  Cu2+ 
complex do n o t  f a l l  i n  t h e  same s t r a i g h t  l i n e s  as t h e  remaining complexes, 
s u g g e s t i n g  t h a t  a d i f f e r e n t  t y p e  o f  M - L  i n t e r a c t i o n ,  p robab ly  i n v o l v i n g  
t h e  d - o r b i t a l s  of  t h e  t r a n s i t i o n  me ta l  i on ,  might t a k e  p l a c e  i n  t h i s  c a s e .  
I n  f a c t ,  t h e  p d e l o c a l i z a t i o n  ove r  t h e  f i v e  membered r i n g  formed by each 
c a r b o x y l a t e  group and t h e  two m e t a l  i o n s  shou ld  i n v o l v e  t h e  d - o r b i t a l s  of 
t h e  t r a n s i t i o n  m e t a l  i o n s  and  i s  e x p e c t e d  t o  l e a d  t o  a d e c r e a s e  of  
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F i g .  6 and 7 .  Raman f r e q u e n c i e s  of Ca2+, Sr2+,  Ba2+ and Cu2' monochloro- 
a c e t a t e s  vs.  i o n i c  r a d i u s  of me ta l  i o n  and vs.  f i r s t  i o n i z a t i o n  energy  of 
me ta l  atom. 
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Table 3 .  Raman COO' bending frequencies (cm-l) of Ca2+, 
Sr2+, Ba2+ and Cu2+ monochloroacetates. 
Ca Sr Ba cu 
705 688 680 725 
677 672 663 706 
electronic density on the carboxylate group, as part of this density moves 
to the metal ions. Thus, the COO' stretching frequencies should decrease 
as it is, in fact, observed in the Raman spectra, in particular, for the 
antisymmetric mode which reduces by approximately 35 cm'l. 
In addition, a stronger M-M interaction is expected to lead to an increase 
in the M-0 and C-0 bond distances (ref. 21). In particular, the increase 
in the C-0 bond length leads to a decrease in the stretching frequencies 
of the carboxylate group. On the whole, the M-M interaction follows the 
order Cu >> Ba > Sr > Ca. 
In those compounds where the carboxylate acts as a quelate surrounding two 
directly bonded metal atoms, X-ray crystallographic results show that the 
0-C-0 angle is very sensitive to the M-M distance and increases with it. 
In turn, an increase in the 0-C-0 angle implies a force constant 
reduction, thus leading to a frequency decrease in the corresponding 
vibrational mode (Table 3 ) .  The sensitivity of this vibrational frequency 
to the M-M distance can certainly be used as a way of determining both the 
M-M bond length and its bond strengh from the vibrational frequency. While 
the largest sensitivity to the variation in the M-M length is expected 
from the M-0-C deformation frequency due to the small value of its force 
constant, the corresponding band has low frequency and so is of difficult 
access and interpretation. 
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